I. INTRODUCTION
In a context of global climate change, the alternative offered by the transport using inland navigation networks appears to be increasingly interesting. It provides economic and environ mental benefits [14] , [13] by offering access to the continent's urban and industrial centers, and allowing an efficient, quieter, and safer transport of goods [2] . To promote this type of transport, inland navigation networks in the north of Europe will have to be able to accommodate large broad gauge boats with the increasing of the navigation schedules. This requires the implementation of sensors and actuators, control and super vision architectures based on Information and Communication Technology (ICT); the principal aims being the improvement of the seaworthiness requirements of the navigation channels. In particular, the water level of the channels has to be close to the Normal Navigation Level (NNL). This aim requires the development and tuning of new control algorithms considering stronger constraints. Indeed, automatic control provide more accuracy and reliability than manual control. Moreover, sensor or actuator faults can lead to serious dysfunctions that can impact navigation, infrastructures, and water resources. Thus, Fault Detection and Isolation (FDI) techniques also have to be developped and tuned. The proposition of control and FDI algorithms requires a generic modeling approach of the inland navigation channels which allow to catch the particular wave phenomenas characterising the dynamics of these systems.
Inland navigation networks are composed of several reaches separated by locks. Generally, they are supplied by several inputs and can supply other hydraulic systems. These reaches are large open-channel systems with no significant slope and characterized by multi-inputs-muIti-ouputs (MIMO) and time delays. They can be modeled by the Saint-Venant Partial Differential Equations [3] whose resolution involves numerical approaches according to discretization scheme. These numer ical approaches are rather complex to handle in the control or FDI strategy design. On the other hand, the modeling techniques based on the simplification and linearization of the Saint-Venant equations such as in [9] , might not be applicable to MIMO systems and they can not reflect the wave phenom enas. In [1] , a control algorithm based on Model Predictive Control (MPC) is proposed to model a navigation reach with the aim to compensate or to reduce the waves impacting the reach. But the proposed model is only dedicated for control algorithm design. An alternative consists in proposing model ing approaches based on system identification techniques. Due to the importance of the transfer-delays, it is easier to have an a priori knowledge of them or to use a preliminary estimation technique according to the measurements on the system. Thus, this approach consists in a gray-box modeling.
Gray box modeling is a popular approach for modeling real systems, combining both black box and white box methodolo gies. Black box modeling is a method, which uses no knowl edge of the physical system, but is based on experimental data only. The exact opposite is white box modeling, where all nec essary information about the system is available, therefore the model can be constructed directly from prior knowledge. Gray box modeling has the advantage of using both physical a priori knowledge of the system for model structure development, and parameter estimation from available experimental data. That is, gray box modeling of systems involves constructing a model structure based on physical knowledge of the system and model identification using estimation methods. Gray box modeling is an increasingly popular approach for studying hy drological, physiological, aero-spatial, environmental pollution and chemical (among others) systems where the process is known in some way [15] .
In this paper, a gray-box modeling approach for MIMO time-delay open-channel systems is proposed. It is based on identification techniques according to measurement data. The Cuinchy-Fontinettes Reach (CFR) which is located in the north of France is modeled according to this approach. The waves phenomena occurs when the locks of the CFR are operated. They cause waves of more than ten centimeters along the channel. The proposed model can be used for FDI or control techniques. The structure of the paper is the following: Section II is dedicated to the proposition of the gray box modeling approach for inland navigation network. In Section III, the CFR is described and the application of the gray box modeling approach is presented. The effectiveness of the proposed modeling approach is compared to a model based on Saint-Venant equations [12] in Section IV.
II. INLAND NAV IGATION NETWORKS MODELING
Inland navigation networks are used essentially for naviga tion tasks. They are composed of navigation reaches, generally with no significant slope, interconnected by locks and gates. To assure the navigation, the level of these reaches must be controlled to be close to the Normal Navigation Level (NNL). This aim becomes critical due to new constraints for the accommodation of large broad gauge boats with the increasing of the navigation schedules, in a global change context. In addition, the locks and gates of the navigation reaches which are operated to allow the crossing of ships may cause wave phenomena along the reach. Generally, these waves are not significant, but sometimes, due to the dimension of the locks, the amplitude of the wave exceeds several tens of centimeters. Thus, new control algorithms have to be designed and tuned. Moreover, Fault Detection and Isolation (FDI) techniques must also be proposed to improve the efficiency of the control algorithms by minimizing the impacts of sensors and actuators faults. To design control and FDI algorithms, the proposition of modeling approaches of navigation reaches is necessary.
A navigation reach is an open-channel system characterized by large dimensions, and nonlinear dynamics with varying delays. By considering the operating point corresponding to the NNL, the dynamic of a reach can be modeled by a linear state-space model. State-space models are selected because they are suitable for the design of control or FDI algorithms for MIMO systems.
The state variables are chosen as the nx measured levels on the system, i. e. L; (k). The input variables of the state-space model correspond to the nu input/output discharges Ql(k) (see Figure 1 ). The output variables correspond directly to the state variables. Finally, time delay matrices TX and TU are considered for each state and input variables of the state space model to take into account the transfer delays of the reach. This modeling approach allows to catch the wave phenomena by considering the influence among water levels. The wave phenomena are only caused by the inputs and outputs of the reach.
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where matrices A E ]R nxxnx.nx , B E ]R nxxn".nx and C E ]R nx x nx are the state, input and output matrices, respectively. At each time k, the vector ukh" E ]R n u. nx representing the input variable is defined according to the delay matrix TU , the vector xk l
Tx E ]R nx .nx representing the state variable according to the delay matrix TX. The matrices TX E N nx xnx and TU E N n" x nx gather the time delays between each mea surement point (see Figure 1) , and between each measurement point and each input and output of the system, respectively.
For example, the value of T;�j E N is the time delay between the measurement points L; and Lj .
nx , nx The time delays Ti�j are equal to 1 for i = j. The time delay matrices TX and TU are supposed to be known and constant. The vector Yk E ]R nx represents the output variable of the system.
The elements of the matrices TX and TU can be obtained a priori by the correlation method (data-based procedure) or by the physical knowledge of the system. Consider two points along the canal, separated by a distance D: upstream and downstream points. According to [8] , the theoretical value of the upstream time delay between these two points is evaluated by computing the integral:
with e(l) and v(l) representing the celerity and the velocity respectively.
This corresponds to the minimum time required for a per turbation to travel from the upstream point to the downstream point. Analogously, the upstream time delay Tdw can be evaluated by: (4) and corresponds to the maximum time required for a perturba tion to travel from the upstream point to the downstream point. In both cases, we recover the classical value in the uniform xkl.,.
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The vector uk l T" is built according to the matrix TU simi larly as relation (6):
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The state, input and ouput matrices are defined as:
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The matrix C is equal to the identity matrix of order nx.
After the structure of the state-space model has been de fined, the objective is to identify the matrices A and B. Model
(1) can be rewritten as:
with M = [A B l and <I>k = [xk l TX uk i T Ul T .
Then, the matrix M has to be determined according to an identification approach using available measured data. The data correspond to N samples of the discharges Q i and levels Li measured on a time interval. Based on relation (10), the matrix M is expressed in the following way: 
Using this particular structure of the state space model, the dynamics of a real navigation reach can be identified. The Cuinchy-Fontinettes reach is presented in the next section.
III. CUINCy-FONTINETTES REACH

A. Presentation
The Cuinchy-Fontinettes navigation reach (CFR) is part of the broad gauge river network of North of France. It is located between the upstream lock of Cuinchy at the East of the town Bethune and the downstream lock of Fontinettes at the Southwest of the town Saint-Orner (see Figure 2) . The first part of the channel, i. e. 28.7 k m from Cuinchy to Aire-sur-Ia Lys, is called "canal d' Aire" and has been built in 1820. The second part of the channel, i. e. 13.6 k m from Aire-sur-Ia-Lys to Saint-Orner, is called "canal de Neuffosse" and has been built in the eleventh century. The channel is entirely artificial with a bottom equal to 52 m in average and no significant slope. Considering the navigation flow, the water runs off from Cuinchy to Fontinettes.
The CFR is managed by VNF (Voies Navigables de France) whose role is to maintain the level of the channel at N N L = 4.26 m. To reach this aim, three points of the CFR must be controlled: the first is the Cuinchy lock and gate, the second is the Fontinettes lock and the third is the gate called "Porte de Garde" at Aire-sur-Ia-Lys. The control of Cuinchy and Fontinettes locks is constrained by the navigation demand. The size of the lock at Fontinettes is 13 m high whereas the lock at Cuinchy is only 2 m high. The operation of the Fontinettes lock causes a wave phenomena which impact the CFR during more than 2 hours with a maximum amplitude which exceeds 13 em. A first control approach is proposed in [1] to limit the impact of this wave. In addition, the sensors and actuators of the CFR are, as every electronic device, subject to faults due to the weather and the environment. These sensors can break down or be impacted over time. Several types of errors on sensors can occur. A bad setting of the sensors can lead to constant errors. This type of faults is particularly considered in [7] by focusing the FDI algorithm on the undershot/overshot gate: "Porte de Garde" at Aire-sur-Ia-Lys. To improve these \ , Cuinchy gate and lock Figure 2 . Scheme of the Cuinchy-Fontinettes navigation reach.
contributions, a mode global model of the CFR has to be proposed. The state-space model presented in the last section is used to achieve this aim.
B. Gray-box modeling
The CFR is a MIMO system with three inputs, Q1 for Cuinchy, Q2 for Aire-sur-Ia-Lys, and Q3 for Fontinettes, i. e. 
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The vector Xk is:
and the vector xklTX is given by:
The vector u klT" is:
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The output matrix is equal to:
The modeling approach consists in identifying the coeffi cients of the state and input matrices defined as:
[ � The identification task consists in estimating the coefficients of the matrices A and B according to equations (11). To achieve this aim, it is necessary to have available measured data of the CFR. Thus, the CFR is firstly modeled using the Saint-Venant equations via the software SIC [12] . A mean rectangular profile is considered with a bottom equal to S = 52 
. ::� .. . Table I COEFFICIENTS OF THE MATRIX A (x e-1 ). Table II COEFFICIENTS OF THE MATRIX B (xe-3 ). Table 1II FIT INDICATORS FOR THE "'SCENARIO 1'" (%).
of this matrix. Finally, the coefficients of the matrices A and B are given by Ta bles I and II, respectively. After the identification step, the outputs of the model fj( k) and the measured levels y(k) are compared as depicted in The effectiveness of the CFR model has to be estimated on other scenarios. These tests are presented in the next section.
IV. EVALUATION OF THE CFR STATE-SPACE MODEL
The evaluation of the effectiveness of the CFR model is carried out according to several scenarios as the crossing of one ship in Cuinchy, one ship in Fontinettes, twenty ships in Fontinettes, ten ships in Cuinchy and ten ships in Fontinettes the first day, etc. All these scenarios are not presented herein. The second presented scenario, entitled" 'scenario 2" ', consists in the simulation of the crossing of ten ships in Fontinettes (see Figure S .a). The discharge on Cuinchy is equal to zero. On Aire-sur-la-Lys, the discharge corresponds to a pulse signal with a frequency of 2.7 e-4 Hz and a maximum amplitude of The third scenario, entitled "'scenario 3" ', consists in the simulation of the crossing of ten ships in Cuinchy the first ten hours and ten ships in Fontinettes the last ten hours of the first day simulating the navigation of ten ships on the CFR (see Figure 6 .a). The discharge on Cuinchy is equal to 0.6 m 3 / s.
On Aire-sur-la-Lys, the discharge corresponds to a pulse signal with a frequency of 2. Table IV ) confirm the effectiveness of the CFR gray-box model on several scenarios.
V. CONCLUSION
Gray-box state-space modeling approach of an inland nav igation reach is presented in this paper. It requires a good estimation of the time-delays characterizing the dynamics of the open-channel system. This approach is used for the Cuinchy-Fontinettes reach located in the North of France. This reach is a large system equipped with locks and gates. It is impacted by wave phenomena due to the lock operations. The identification approach is performed according to data from a simulation architecture based on a software which allows the resolution of Saint-Venant equations. Then, the effectiveness of the identified model is evaluated by considering several scenarios.
The future purposes consist in testing the proposed mod eling approach by considering unknown inputs and outputs which are often present in the real case, and in adapting this approach, if necessary, to improve the accuracy of the model. Then, this approach should be used to model the Cuinchy Fontinettes reach with real data. The state-space model of the Cuinchy-Fontinettes reach will be used to design control algorithms to attenuate the wave phenomena. Moreover, this model will be used to conceive FDI techniques to improve the reliability of the Cuinchy-Fontinettes reach.
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